We have measured the response of chromium-doped alumina screens to vacuum ultraviolet radiation and derived quantum efficiency curves for the energy range from 30 to 300 eV. A model is presented to explain the structure in this curve. In addition, the radiation hardness of such screens, which have found application as narrow-band radiation detectors for a hot fusion plasma diagnostic, is reported here for MeV electrons. Finally, a simple model is constructed to obtain the carrier diffusion length and the bulk efficiency of this material.
I. INTRODUCTION
Several decades of research on ceramic phosphors at CERN and at other laboratories has led to the almost exclusive use of doped alumina ceramic screens, i.e., Al 2 O 3 Cr 3ϩ , for accelerator beam observation. 1 In particular, these screens are compatible with ultrahigh vacuum systems, they exhibit good response linearity, and their radiation resistance is high. For example, in tests made at CERN, screens have withstood integrated relativistic proton fluxes of up to 10 20 protons cm Ϫ2 . 1 These levels are a factor ϳ10 3 -10 4 higher than those for standard phosphors. 2, 3 In addition, tests made on polycrystalline Al 2 O 3 :Cr with He ϩ ions accelerated to 200 keV showed a 50% decrease in radioluminescence for total doses above 10 15 cm
Ϫ2
. 4 This, as well as their immunity to electromagnetic interference and ground loops, as well as their compactness ͑only a thin screen is required͒, make them especially suited for use as broadband radiation detectors in the harsh environments encountered in plasma fusion devices. 5 In previous articles we characterized the response of thin screens of the phosphors Y 3 Al 5 O 12 :Ce and Y 2 O 3 :Eu ͑also known as P-46 and P-22, respectively͒ using synchrotron radiation between 13.8 and 620 eV and the relative response of Al 2 O 3 :Cr and other luminescent materials to broadband vacuum ultraviolet ͑VUV͒ radiation ͑15-80 eV͒ and to hard x rays ͑5-50 keV͒. 6, 7 The work was motivated by their application as radiation monitors for the TJ-II fusion plasma stellarator device. 8 More recently, a high-spatial resolution detection system incorporating a thin phosphor screen operating in reflection mode has been developed to obtain VUV and soft x-ray radiation profiles of hot plasmas. 9 In the prototype model, tests were made with both P-46 and Al 2 O 3 :Cr screens. It is now proposed to upgrade this camera by incorporating either multiple thin-foil filter wheels or a multilayer mirror to allow narrow-band radiation to be selected. It is therefore necessary to characterize the spectral response of Al 2 O 3 :Cr across the VUV and soft x-ray range as it is expected to be nonlinear due to surface and absorption effects, etc.
In this article, we present measurements made using synchrotron radiation on thin Al 2 O 3 :Cr screens ͑1-mm thick͒ over the energy range from 36 to 280 eV ͑34.2-4.4 nm͒. From the data, we attempt to identify features present in the excitation spectrum, and we produce curves of the quantum efficiency and intrinsic efficiency of this luminescent material. We also present measurements from a small region of one screen that had been previously irradiated with electrons at integrated fluency of approximately 10 17 electrons cm Ϫ2 at 1.8 MeV in order to extend the knowledge on the luminescent radiation limits of this material. Finally, using a simple model we determine the diffusion coefficient length and the light yield for this material.
II. EXPERIMENTAL SETUP
For this work, 46-mm-diameter chrome-doped alumina screens, Chromox-6, were obtained from Morgan Matroc Ltd., East Molesey, England. 10 The screens selected are 1-mm thick, they have a density of 3.96 g cm
Ϫ3
, a grain size of 3 to 5 m, and the alumina was doped with 0.5% chrome sesquioxide. Fig. 1 . In this work, efficiencies are measured in reflection mode only, i.e., the light emerging from the illuminated face of the screen, as the experimental setup did not permit the transmission mode to be studied. However, the efficiency for transmission mode can be approximated empirically as Chromox-6 screens are translucent, having an attenuation coefficient ␣ϭ0.8Ϯ0.1 mm Ϫ1 at the principal fluorescence wavelengths. 1 For this work, two samples were studied, one of which was irradiated as described later.
The efficiency measurements were performed at SURF III on the NIST/DARPA EUV Reflectometry Facility.
12 This is a varied-line-spacing grating monochromator with a 600-mm Ϫ1 grating working from 35 to 110 eV and a 1500 mm
Ϫ1
grating working from 100 to 300 eV. The resolution varies from 0.02 to 0.07 nm and the throughput is 10 11 s Ϫ1 at 95 eV. Thin foil filters ͑500 nm of C, 500 nm of B, 1000 nm of Be, and 500 nm of Al͒ provide rejection of multiple grating orders and scattered light. The filter absorption edges also provide wavelength calibration. The incident extreme ultraviolet ͑EUV͒ flux is measured using a calibrated EUV-sensitive photodiode, while the emitted visible radiation was measured with a visible-sensitive photodiode. Normalization of the incident radiation was performed by monitoring the throughput of a second exit slit. 13 Prior to characterization at SURF III, one Al 2 O 3 :Cr screen was irradiated in a chamber mounted on the beam line of the HVEC 2 MeV Van de Graaff electron accelerator located at CIEMAT. 14 The chamber permits irradiation to be performed under high vacuum (р10 Ϫ6 mbar͒ as well as in situ optical emission spectra in the range of 200 to 800 nm to be collected. See Fig. 1 ), respectively, and the total integrated flux received was ϳ8.4 ϫ10 16 cm Ϫ2 . The area irradiated was ϳ0.5 cm 2 and when removed from the sample chamber it was identifiable for future testing by a stainlike appearance on its surface.
III. RESULTS AND ANALYSIS
For each beam-line grating, an energy calibration was performed prior to scanning by sequentially placing a set of foil filters in the incident beam and scanning across one or more absorption edges. An AXUV-100G 10 monitor diode was used for this. See Figs. 2 and 3. An energy calibration was made and the offset corrected for by locating the K-or L-absorption edges in the filters and making a low-order polynomial fit. Once completed, the screen was displaced into the beam and a linear scan across the surface was made at a single energy in order to locate the maximum light output. In general, this was a narrow plateau. Next, the sample was scanned in small energy steps over the entire energy range of the selected grating. At each step, the incident beam energy, the visible diode photocurrent, and the stored beam current were recorded. Once completed, the energy scan was repeated with the sample removed from the beam and the incident diode photocurrent was stored. Also, background measurements were taken with no incident beam present. Finally, the irradiated region of the first sample was located by performing a linear scan about its predicted position. A drop in output signal over an extended area identified this area.
Several steps were required when postprocessing the data in order to obtain quantum efficiency curves. First, the incident photon flux was estimated from the measured photocurrent at each energy step using the sensitivity curve ͑A/W͒ for the EUV-sensitive AXUV-100G photodiode. 15 Second, the luminescence photon flux was determined from the Hamamatsu S1337-1010BR
10 visible diode signals using the quoted photosensitivity ͑A/W͒ at the peak emission wavelength. 16 In all cases, the background was Ͻ0.1% of the signal. Then, from the screen/visible diode geometry and by assuming a Lambertian falloff in light intensity as a function of angle to the surface normal, the integrated light flux emitted over 2 steradian from the screen was determined. As the screen to detector separation was relatively small ͑Ͻ50 mm͒, the beam spot area ͑ϳ20 mm 2 when above ϳ105 eV and ϳ10 mm 2 otherwise͒ constituted an extended source. Hence, the fractional solid angle to the detector was obtained using equations described in Tsoulfanidis 17 for disk sources which result in a fixed error of ϳ1% for absolute measurements. The efficiency ͑number of visible photons emitted from the front surface per incident VUV photon͒ as a function of wavelength could then be determined. Also, the estimated uncertainty in the measurements is Ϯ17% for the absolute and Ϯ2.5% for relative values. The largest absolute error occurs in the responsivity of the S1337 photodiode, Ϯ15%, while the largest contribution to relative error arises from the variations in the measured visible light output ͑Ϯ1%͒. Finally, splicing together data from overlapping energy ranges created the quantum efficiency curves.
Curves of quantum efficiency for reflection mode are plotted in Fig. 4͑a͒ . Here, Al 2 O 3 :Cr exhibits an almost linear variation with energy. Nonetheless, this curve exhibits significant structures between ϳ78 and 130 eV. See Fig. 4͑b͒ . We attribute the sharp drop in efficiency that occurs just above 78 eV, and the features that extend for several tens of electron volts above it, to the aluminum L 3 edge and related extended x-ray absorption fine structures. The edge at 78.4 eV is shifted up by ϳ5.85 eV with respect to the Al L 3 edge in its natural form. This is due to chemical bonding which gives rise to a change of electron configuration in the valence shells, which in turn influences the inner energy levels. 18 Its location is in good agreement with the value of 78.6 eV reported for high-resolution absorption spectra of bulk amorphous Al 2 O 3 .
19 Furthermore, the features seen above this edge, and their locations, reflect the features seen in the absorption spectra of bulk amorphous Al 2 O 3 measured by Brytov and Romashchenko. 20 In particular, the drop in luminescence efficiency above 93 eV, which bottoms out at ϳ99 eV, reflects the increase in absorption coefficient at these energies. See Fig. 5 . Also, extending for several electron volts above ϳ105.4 eV, the efficiency curves have a contribution because of a drop in the sensitivity of the AXUV incident photodiode above the chemically shifted L 3 edge of silicon. 15 The effect is seen on the AXUV incident photodiode scan signals but could not be fully removed here. Finally, no drop in efficiency is seen above the L 1 edge of oxygen ͑at 41.6 eV in its natural form͒ while a small drop in efficiency is seen above 124.5 eV, i.e., the chemically shifted Al L 1 edge ͑at 117.8 eV in its natural form͒. This may be expected, as the relative change in absorption across the L 1 edge is significantly less than that across the L 3 edge.
In this section, we apply the simple one-dimensional model developed by Benitez et al., 21 for phosphor screens, with some modifications based on the model developed by Baciero et al., 22 to model our efficiency curves. For this it is assumed that the luminescence intensity is proportional to the number of band electron-hole pairs created, that carrier lifetime is independent of this number, and that carrier mi- gration is a diffusion process with ambipolar diffusion length L. Since the reflection coefficient of amorphous Al 2 O 3 is low in this spectral range ͑Ͻ0.1% according to Zhurakovskii et al. 23 ͒ we ignore its effects here. The resultant equation for efficiency is 
, and is the angle of incidence of the incident radiation, and t is the depth into the sample of thickness T. Here, the i for Al 2 O 3 were determined by interpolating between discrete values estimated from the weighted of Al and O of Henke, Gullikson, and Davis, 24 except between 75 and 120 eV, where they were determined from curves in Brytov and Romashchenko. 20 Now, recalling that the curves in Figs. 4 are for reflection mode, we obtain a best fit with 0 , S, and L equal to 0.025, 100 and 155 Å. Note that S cannot be determined very precisely here. The value for L is of the same order as values measured for rare-earth doped phosphors. 21 The resultant equivalent light yield, i.e., 1.4ϫ10 4 
photons MeV

Ϫ1
, is very similar to that of the common phosphor P-46 (1.4ϫ10 4 MeV Ϫ1 ). An overall reduction of 25% in light output is observed from the irradiated part of the ceramic. See Figs. 4͑a͒ and 4͑b͒. This drop varies from ϳ40% for 35 eV photons to ϳ10% at the highest energies. For 1.8 MeV electrons, almost all energy loss on passing through a material is by interaction mechanisms that result in ionization of the material. There is minimal momentum transfer to the atoms in the material for creating vacancies or defects, which can compete with emission centers for absorbed energy. For the energy range studied, incident photons are almost completely absorbed within 0.3 m of the surface, this attenuation length decreasing to tens of nanometers at the lowest energies. Also, while irradiating the screen, no reduction was observed in its radioluminescence output even for the highest dose received. The attenuation length for 1.8 MeV electrons is Ͼ2 mm in alumina so radioluminescence is excited along the complete path length through the sample. These findings suggest that the drop in luminescence efficiency from the irradiated ceramic can be attributed to charge losses near grain surfaces. Indeed, one of the principal nonradiative decay channels in phosphors for this energy range is surface recombination. Also, these are long-lived effects as the luminescence measurements were performed several months after irradiation and the sample was kept at room temperature in the intervening period. Now, applying the Birks and Black law for luminescence efficiency loss in irradiated materials,
, ͑2͒
where I 0 and I are the output intensities before and after sample irradiation with the total flux N, and N 1/2 is the flux that reduces the intensity output to half the original. Applying this equation for incident VUV radiation between 30 and 300 eV, the N 1/2 of Al 2 O 3 :Cr is ϳ2.5ϫ10 17 cm Ϫ1 for MeV electrons. This is several orders of magnitude lower than that quoted for fast particle applications, i.e., 10 20 proton cm Ϫ2 .
1
While some shielding may be required for VUV applications in high-radiation environments, the smaller reduction in the luminescence output at higher-photon energies of Fig. 4͑a͒ suggests that the N 1/2 of this material for harder x rays will be considerably higher.
IV. CONCLUSIONS
The reflection-mode luminescence efficiency of screens of the chrome-doped alumina Chromox-6 has been measured for the energy range 36 to 280 eV. A simple model has been fitted to the curves to obtain the intrinsic efficiency of this material, which was found to be similar to that of several commonly used phosphor powders. The material also shows high resistance to radiation damage by MeV electrons, a property that makes it a possible candidate for use in radiation monitors in large-scale fusion devices where highradiation levels occur. 
ACKNOWLEDGMENTS
